Introduction
The 21st century has brought about numerous threats arising from technological advances. One of the major problems is air pollution caused by intensive industrial development (especially in the food, chemical, paper, tanning, oil, and steel sectors), increased traffic, as well as the concentration of the sources of pollution in urban areas. The rapid growth of cities and the related municipal infrastructure (sewage treatment plants, solid waste transfer stations, composting facilities, and waste dumps), as well as the growing use of renewable energy sources, leads to greater emissions of odors, with adverse environmental effects [1] . By definition, odors are organic and inorganic volatile chemical compounds with low olfactory thresholds, which are detected by stimulating the olfactory epithelial cells, leading to pleasant or unpleasant sensations. Some of those substances may lead to psychological discomfort and -in extreme cases -symptoms of illness, such as headache, vomiting, diarrhea, respiratory and eye irritation, as well as depression [2, 3] .
While the available literature discusses the main sources of odor emissions and evaluation thereof, there is scarcity of information about the application of respiratory protective devices, such as air-purifying respirators, to prevent the inhalation of such compounds. If the maximum allowable concentrations of harmful substances are exceeded, it is necessary to use absorbent or combined absorbent-andfiltering devices, including the aforementioned purifying respirators with anti-malodorous effects. In addition to a system of polypropylene (PP) melt-blown nonwoven with different morphological structures, such respirators are also equipped with one or more nonwoven layers containing carbon absorbents to reduce the amount of chemical substances entering the breathing zone. However, the protective effects of such respirators are extremely short-lived, amounting to several seconds, depending on the type and concentration of modifier, breathing cycle characteristics, relative air humidity, and carbon geometry in the polymer fibers.
requirements concerning the design and evaluation of such products become increasingly stricter. The melt-blown process is the most suitable technique for the production of modified filtering nonwovens. Melt-blown technology was chosen as the structure of nonwovens can be effectively adjusted in terms of porosity and area density. Another advantage is that the manufacturing equipment is more compact than that used in other nonwoven fabrication methods. It should be noted that the melt-blown process is very flexible and easily yields itself to different modifications. Despite requiring a high-energy input due to the high process temperature and the considerable use of hot air, melt-blowing is nevertheless preferable for environmental reasons as a so-called "dry technology". Activated carbons have long been used in absorptive respiratory protective devices to remove a variety of vapors and gases from the air. Those carbons are characterized by extremely large specific areas and a high density of pores with various shapes and sizes. This structure facilitates the contact of chemical substances with the active sites located on the adsorbent surface. The size and shape of the pores ensures appropriate transport of the adsorbed particles. Importantly, the larger the specific area, the greater is the fraction of fine pores. Thus, the amount of adsorbed substance depends on the specific area of the adsorbent and its pore size distribution [19] [20] [21] .
Furthermore, in recent years, increased attention has been given to natural and synthetic minerals known as zeolites, which exhibit molecular sieving, ion exchange, and sorption properties. Natural zeolites can be found in a variety of geological environments, while synthetic ones may be obtained by conversion of fly ash in strongly alkaline aqueous solutions [22] .
Zeolites are a group of tectoaluminosilicates with complex and diverse crystalline structures containing voids known as cages and channels, which may enclose both individual atoms and chemical molecules. This morphological structure gives rise to a number of physical and chemical properties that are extremely beneficial in industrial applications, such as wastewater treatment; indeed, modified zeolites may be used to treat ground and surface water, municipal and industrial liquid waste, as well as petroleum pollution. Due to their hydrophobic properties, zeolites have an affinity for organic compounds [23, 24] , while as a result of their hydrophilicity, they effectively remove moisture from gases [25, 26] . Previous works [27, 28] give an overview of the latest research concerning synthetic zeolites and their variants modified with organic compounds, which have been used to remove petroleum products (including oils and volatiles) from the air, water, and ground. According to data from literature, highly mesoporous minerals are recommended for removing land oil spills. The most promising results were found for diatomite, sepiolite, and Na-P1 zeolite (synthesized from fly ash). The latest research has shown that Y zeolites (Na-Y, Si/Al = 2.5) are good materials for the production of stable, selective, and economical sensors for ammonia vapor (NH 3 ). Ammonia sorption has been studied in ion-exchanged Y zeolites containing alkali metals (lithium and sodium -Li-Y and Na-Y, respectively), rare earth metals (lanthanum -La-Y), and noble metals (silver and palladium -Ag-Y and Pd-Y, respectively). Interactions between modified zeolites and ammonia are effectively improved by their ionic conductivity. The excellent selectivity of Ag-Y and Na-Y proves that they are good materials for ammonia vapor detectors [29] . Furthermore, different parameters of a natural zeolite (clinoptilolite) have been studied in terms of xylene vapor sorption. Clinoptilolite has been found to be a promising sorbent of xylene vapor in the concentration range from 100 to 300 ppm. The absorption rate increases with xylene concentration, while the breakthrough time becomes shorter [30] . Gregis et al. [31] reported that the best carbon and zeolite sorbents for trace amounts of toluene vapor are W5 activated carbon and Na-Y zeolite, respectively, due to their large specific areas and considerable microporosity.
Numerous publications deal with modifications of the morphological structure and chemical composition of zeolites with a view to obtaining catalysts and sorbents with superior microporosity, surface topology, and properties well suited for a variety of commercial processes. Most reports focus on the effectiveness of zeolite synthesis in conversion reactions, as a function of substrate concentration, reaction time, and temperature.
The particularly innovative aspects of the presented project involve the direct addition of modifiers during the melt-blown production process with a view to obtaining multifunctional polymer materials. Currently, in the European market, there is no melt-blown zeolite or mesoporous silica material composite that would exhibit both high filtration effectiveness at low airflow resistance and a good, long-term capacity for adsorbing volatiles, such as toluene, acetone, ammonia, hydrogen sulfide, and xylene. The development of respiratory protective devices using filtration composites containing zeolites and/or Mobil Composition of Matter No. 41 (MCM-41) may reduce the hazards arising from working in environments containing noisome odoriferous, malodorous, or otherwise foul-smelling substances.
Materials and methods
Melt-blown nonwovens were produced from isotactic PP granulate Borealis HL 508J, supplied by Nexeo Solutions Poland Sp. z o.o., whose characteristics are given in Table 1 .
The following types of materials were used as additives: ZeoEco 20 zeolite (from ZeoCem, a.s., Slovakia), clinoptilolite, Na-X zeolite, sodalite, Na-A zeolite, Na-P1 zeolite, Na-P1 zeolite modified with hexadecyl trimethylammonium bromide (HDTMA), and mesoporous silica material MCM-41 (from the Department of Geotechnical Engineering, Faculty of Civil Engineering and Architecture, Lublin University of Technology, Poland), and BioZeo R.01 zeolite (from BioDrain Sp. z o.o., Poland).
The characteristics of the studied materials are given in Table  2 . 
Production of PP melt-blown nonwovens containing zeolites or MCM-41
In melt-blown technology, the polymer melt is attenuated by hot air jets into elementary fibers of various thicknesses and lengths, which are then electrostatically activated. The experimental stand consisted of a BX12 (Axon, Nyvang, Sweden) laboratory extruder enabling simultaneous intensive mixing, plasticizing, and feeding the processed polymer. The basic element of the device was a cylinder with a rotating screw of diameter 12 mm and a length-to-diameter ratio of 26. The polymer was plasticized and homogenized in the cylinder, which was divided into two zones equipped with independent heating systems. The polymer melt was maintained at an appropriate temperature to obtain the desirable viscosity upon feeding to the plasticizing zone of the die assembly. The amount of melt produced was controlled by adjusting the rotational speed of the screw (the higher the speed was, the greater was the amount of plasticized melt produced). During the process, it was critical that the extruded polymer melt be characterized by constant weight and temperature. The target viscosity, ensuring the formation of fine fibers, was achieved by means of an appropriately designed die assembly.
The role of the die assembly was to ensure that the polymer melt had the right temperature upon leaving the orifices, when it was subjected to the action of a stream of hot air, forming elementary fibers. The material feeder consisted of a hopper, whose outlet was placed in the channel of the die assembly. Materials were pushed through the channel by means of a screw running symmetrically along the central axis of the channel, down to the polymer outlet zone; the screw was powered by a variable-speed motor drive (Figure 1) . Thus, the nanomaterials were mixed continuously and fed into the polymer stream in a fully controlled manner. This technical solution also reduced the screw and cylinder wear attributable to friction from the modifiers. During the presented experiments, the modifiers were fed in amounts of up to 250 g/m 2 of nonwoven. In addition, the fibers mixed with zeolites or MCM-41 were activated electrostatically by corona discharges in order to improve their filtration properties. The charge carriers generated by the discharges resulting from the potential difference between the electrode and counter electrode were adsorbed on the nonwoven surface under the influence of an electrostatic field. The plasma-activated fibers with additives were deposited on the collector, forming compact and porous nonwoven sheets.
The greatest advantage of the presented solution is that zeolites and MCM-41 are fed directly into the polymer melt stream, which leads to very strong binding of mineral particles to the elementary PP fibers.
Controlling the temperatures of the die assembly as well as zones 1 and 2 of the extruder, one may obtain different densities of the thermoplastic polymer melt, which is critical to fiber formation parameters. The other important factors are air temperature and an appropriate polymer-to-airflow ratio. Furthermore, control of the linear or angular speed of the collector enables adjustment of the nonwoven surface density and fiber-packing density.
The melt-blowing parameters of filtration nonwovens containing zeolites or MCM-41 are given in Table 3 .
Characteristics of the nonwovens produced
The developed method of zeolite and MCM-41 feeding was used to produce nine nonwoven variants (three sheets with an area of 5.0 m 2 per variant), which were modified by corona discharges and by the incorporation of zeolites or mesoporous silica material in the total amount of 250 g/m 2 . The characteristics of the obtained nonwovens are presented in Table 4 .
Methods
The protective parameters of the modified PP melt-blown nonwovens containing zeolite particles or MCM-41 were studied in terms of the basic filtration parameters: airflow resistance, [35, 33] . This coefficient expresses the ratio of aerosol concentrations upstream and downstream of the sample. The mass median diameter of sodium chloride particles was 0.6 mm. The distribution of particle sizes for oil mist was lognormal, with a median Stokes diameter of 0.4 mm. The test period corresponded to initial filtration (3 min). 
Test of sorption capacity
Sorption capacity for volatile chemicals was tested according to the European standard EN 14387: 2004+AC:2004 specifying the testing methodology and requirements for respiratory protective devices [34] . Gas detectors (analyzers) enabled measurement of the concentrations of test gases upstream and downstream of the sample in a pneumatic holder. Aerosols were generated using an evaporator in which the test substances were exposed to compressed air. Mass flow controllers were used to obtain the desired concentration of the test substance (the maximum permissible deviation of gas concentration was ±5 ppm) at a relative humidity of (70±5)% and a temperature of (21±1)°C [34] . The sorption capacity of the filtration media containing zeolites was measured for four different test substances: toluene, acetone, cyclohexane, and ammonia. Currently, reaction tests for volatiles are conducted using cyclohexane, which is not a malodorous substance with olfactory detection thresholds. The test substances were selected based on the literature data concerning odoriferous substances that are widespread at waste dumps, municipal sewage treatment plants, the oil industry, animal farms, and biomass processing [3, 5] . The applied concentrations of toluene (50 ppm), acetone (235 ppm), cyclohexane (81 ppm), and ammonia (18.7 ppm) corresponded to the highest permissible concentrations pursuant to the regulation of the Ministry of Labor and Social Policy as of June 06, 2014 [36] .
Tests were conducted at a volumetric flow rate of 30 L/min. The characteristics of the test substances are given in Table 5 .
Results and discussion

NaCl and paraffin oil mist aerosol penetration testing
The mean NaCl aerosol penetration results for filtration nonwovens containing zeolites or MCM-41 modifiers are given in Table 6 , while relative changes in those results are presented graphically in Figure 2 . In turn, the mean results for paraffin oil mist aerosol penetration are given in Table 7 , with relative changes shown in Figure 3 .
In four cases, the incorporation of the studied modifiers in the structure of elementary fibers adversely affected the NaCl aerosol filtration properties of the obtained nonwovens as compared to the reference sample. The penetration coefficients for the nonwovens containing clinoptilolite, Na-X, sodalite, and Na-A ranged from 1.41% to 3.97% as compared to 0.677% for the nonwoven without a modifier, which translates into a deterioration of NaCl aerosol filtration by 108.86% to 486.85%. This indicates that some components of the morphological structure of zeolites probably neutralized the electrostatic charges in PP nonwovens.
In the case of paraffin oil mist penetration (the so-called "worst case scenario"), three of the produced PP filtration nonwovens containing zeolites exhibited a lower penetration coefficient than the reference sample without a sorbent, similarly to NaCl penetration. The penetration coefficient ranged from 3.68% to 5.54% for nonwovens with clinoptilolite, Na-X, and Na-A, which is significantly more than the 1.94% obtained for the reference sample (by 89.69% to 185.57%, respectively). This suggests that some of the zeolites used probably neutralized the electrostatic charges present in PP nonwovens.
Airflow resistance
Airflow resistance test results for filtration nonwovens containing zeolites or MCM-41 are given in Table 8 , with relative changes in this parameter being presented in Figure 4 .
Airflow resistance did not increase for two PP melt-blown nonwovens containing modifiers, namely, for those with Na-X and Na-A zeolites (247 Pa and 246 Pa, respectively, as compared to the 286 Pa for the PPQ reference sample). In the case of the nonwoven containing clinoptilolite, airflow resistance effects of modifiers on the filtration effectiveness of nonwovens are affected by a number of factors, such as the quantity and size of the modifier particles, particle density and polarity, elementary fiber diameters, as well as the physical, chemical, and morphological parameters of the modifiers. Different modifiers may be used to impart new, functional properties to PP melt-blown nonwoven, depending on the particular requirements of a given industry.
Testing the sorption capacity of nonwovens for volatiles
Sorption results for the various PP nonwovens containing zeolites or MCM-41 exposed to the selected test substances are given in Figures 5-8 .
Longer reaction times were observed for the reactions of nonwovens with the vapors of harmful substances. Among all the variants of filtration nonwovens containing modifiers, the longest reaction time with toluene vapor at 2 ppm was shown rose only marginally, reaching 308 Pa, while in the remaining cases, it ranged from 511 Pa to 1,299 Pa. While the two observed relative reductions in airflow resistance were 13.63% and 13.99%, respectively, the increases ranged from 7.69% to 220.98%. This parameter was affected by zeolite dust, which filled some of the interfiber voids. Pursuant to the standard EN 149:2001+A1:2009, the airflow resistance of respirators may not exceed 700 Pa at 95 L/min; this requirement was met only by nonwovens containing clinoptilolite, Na-X, sodalite, Na-A, BioZeo R.01, as well as MCM-41.
Six of the PP nonwovens modified with zeolites or MCM-41 showed increased filtration effectiveness, while three revealed reduced effectiveness. These results are consistent with other reports [10] . For instance, microcrystalline cellulose and microbiological chitosan incorporated in melt-blown nonwovens compromised their filtration properties. On the other hand, previous works [8, 9] using biological agents and modifiers such as perlite and amber reported a significant improvement in the filtration characteristics of polymer nonwovens. The The obtained results were consistent with other studies [29, 31, 37] reporting that zeolites and MCM-41 are good adsorbents of chemical compounds, especially ammonia and toluene vapors. It was found that the higher the concentration of the test substances, the shorter is the breakthrough time.
The presented findings indicate that further research should focus on modifying zeolites with a view to increasing their specific area and achieving the longest possible protection time against volatiles. The tests also show the possibility of by nonwovens with MCM-41 and Na-X zeolite (approximately 30 s). The maximum concentration of 50 ppm was obtained after 240-260 s. Although the nonwoven containing BioZeo R.01 zeolite exhibited a concentration of 10 ppm after 2 s, it did not reach the breakthrough concentration until 340 s. In the case of acetone vapor, the nonwoven containing MCM-41 started to react with the test substance after 30 s at a concentration of 2 ppm, with the maximum concentration found after 180 s. The reaction times of PP melt-blown nonwoven containing the studied modifiers to cyclohexane vapor at 10 ppm ranged from 2 s to 6 s. However, the filter medium containing Na-P1-HDTMA zeolite showed the longest reaction time (125 s) at 81 ppm. The nonwoven containing MCM-41 showed the best sorption properties toward ammonia vapor after approximately 
CONCLUSIONS
The presented findings show that zeolites and mesoporous silica material MCM-41 can be successfully introduced within the structure of elementary polymer fibers using an environmentally friendly "dry" melt-blown technology with a view to imparting multiple functionalities to nonwovens in one integrated technological process.
The developed method of introducing zeolites and MCM-41 in PP melt-blown nonwovens has enabled the production of multipurpose materials with high protective as well as functional properties. The obtained materials contained the following:
· MCM-41 mesoporous silica material, efficiently preventing the penetration of both liquid and solid particles of harmful aerosols (99.85% and 99.65%, respectively) at satisfactory airflow resistance and with good capacity for selective adsorption of volatiles, such as acetone and ammonia;
· Na-P1 zeolite modified with HDTMA, efficiently preventing penetration of both liquid and solid particles of harmful aerosols (99.66% and 99.70%, respectively) at satisfactory airflow resistance and with good capacity for cyclohexane adsorption.
